ABSTRACT: Bone formation is linked with osteogenic differentiation of mesenchymal stem cells (MSCs) in the bone marrow. Microgravity in spaceflight is known to reduce bone formation. In this study, we used a real microgravity environment of the SJ-10 Recoverable Scientific Satellite to examine the effects of space microgravity on the osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hMSCs). hMSCs were induced toward osteogenic differentiation for 2 and 7 d in a cell culture device mounted on the SJ-10 Satellite. The satellite returned to Earth after going through space experiments in orbit for 12 d, and cell samples were harvested and analyzed for differentiation potentials. The results showed that space microgravity inhibited osteogenic differentiation and resulted in adipogenic differentiation, even under osteogenic induction conditions. Under space microgravity, the expression of 10 genes specific for osteogenesis decreased, including collagen family members, alkaline phosphatase (ALP), and runt-related transcription factor 2 (RUNX2), whereas the expression of 4 genes specific for adipogenesis increased, including adipsin (CFD), leptin (LEP), CCAAT/enhancer binding protein b (CEBPB), and peroxisome proliferator-activated receptor-g (PPARG). In the analysis of signaling pathways specific for osteogenesis, we found that the expression and activity of RUNX2 was inhibited, expression of bone morphogenetic protein-2 (BMP2) and activity of SMAD1/5/9 were decreased, and activity of focal adhesion kinase (FAK) and ERK-1/2 declined significantly under space microgravity. These data indicate that space microgravity plays a dual role by decreasing RUNX2 expression and activity through the BMP2/SMAD and integrin/FAK/ERK pathways. In addition, we found that space microgravity increased p38 MAPK and protein kinase B (AKT) activities, which are important for the promotion of adipogenic differentiation of hMSCs. Space microgravity significantly decreased the expression of Tribbles homolog 3 (TRIB3), a repressor of adipogenic differentiation. Y15, a specific inhibitor of FAK activity, was used to inhibit the activity of FAK under normal gravity; Y15 decreased protein expression of TRIB3. Therefore, it appears that space microgravity decreased FAK activity and thereby reduced TRIB3 expression and derepressed AKT activity. Under space microgravity, the increase in p38 MAPK activity and the derepression of AKT activity seem to synchronously lead to the activation of the signaling pathway specifically promoting
Gravity is necessary for maintaining biologic processes and the evolution of life on Earth. With the rapid development of space technologies, astronauts may have many opportunities to go into space to explore the unknown. One of the key differences between the environments in space and on Earth is microgravity. It has been confirmed that exposure to microgravity has various effects on astronauts' physiology, including bone loss, anemia, muscle atrophy, and immune alterations (1) (2) (3) (4) , especially during long-term spaceflight. Some studies revealed that microgravity results in ;1-2% osteopenia per month (5, 6) . These effects are at least partly related to the decreased activity of functional cells and the reduced differentiation of progenitors (7) (8) (9) . Given their close relation with these systems, mesenchymal stem cells have become the subject of intensive research.
Human bone marrow-derived mesenchymal stem cells (hMSCs) have a confirmed potential for differentiating into various lineages of mesenchymal tissues (10) , including bone, cartilage, fat, and muscle tissues and the bone marrow stroma, and are widely involved in tissue regeneration. In vitro, the differentiation of hMSCs into osteoblasts or chondrocytes can be directed by using defined media with specific factors. In addition, hMSCs can be cultured with growth factors and scaffolds to create model in vitro culture systems for tissue engineering that provide a theoretical basis for in vivo bone regeneration. Indeed, through in vivo bone regeneration, hMSCs hold promise for the treatment of a breadth of conditions including nonunion fractures, osteogenesis imperfecta, and hypophosphatasia (11) (12) (13) (14) (15) . Their capacity to induce bone formation has been proven, but the mechanisms of fracture repair remain controversial. Some studies have suggested that MSCs could differentiate into the osteoblastic lineage and thus directly contribute to bone regeneration (16) (17) (18) , whereas the results of other studies have indicated a paracrine effect of grafted MSCs on host cells via the release of cytokines and growth factors (18) (19) (20) (21) . However, these conflicting results are from experiments on grafted MSCs. The mechanisms of natural bone repair in vivo are presumably more complex. We cannot deny any one of the above viewpoints; from our standpoint, the natural repair of bone in vivo should be linked with the dual role of osteogenic differentiation and the paracrine effect of MSCs in bone marrow initiated by bone injury. Therefore, the osteogenic ability of MSCs in vivo should play an important role in promoting bone repair.
Osteogenic differentiation of hMSCs is affected by many factors-gravity and mechanical loading being the key ones. Mechanical loading activates focal adhesion kinase (FAK) and ERK/MAPK pathways via binding of components of the extracellular matrix (ECM) to integrins on the cell surface. ERK/MAPK is essential for the differentiation and development of osteoblasts through the activation of runt-related transcription factor (RUNX2), a major transcription factor that regulates the expression of many genes in osteoblasts (22, 23) , thereby increasing the expression of bone-specific genes such as osterix, type IA collagen, osteocalcin, and bone sialoprotein II (24, 25) . In addition, BMP2, a member of the TGF-b superfamily, is a major regulatory factor of osteogenesis (26) . It induces osteogenesis of hMSCs through phosphorylation of SMAD. Some studies showed that simulated microgravity inhibits osteogenic differentiation of hMSCs (27, 28) by down-regulating the hallmark proteins of osteoblasts, including alkaline phosphatase (ALP), type I collagen (COL-1), and osteonectin (OS). Furthermore, a decrease in RUNX2 activation participates in this progress (28) . Meanwhile, simulated microgravity promotes adipocytic differentiation of hMSCs. Adipsin (CFD), leptin (LEP), glucose transporter 4, and peroxisome proliferator-activated receptor (PPARg), which are specific for adipocyte differentiation, are strongly up-regulated in response to simulated microgravity. Both PPARg and CCAAT/enhancer-binding proteins (CEBPs) function as key regulators of adipogenesis in a complex transcriptional cascade (29) (30) (31) . Tribbles homologue 3 (TRIB3), a mammalian homolog of Drosophila tribbles, is a pseudokinase with a kinase domain that lacks enzymatic activity (32) . TRIB3 is expressed in various tissues, such as liver (33) , adipose (34) , heart (35) , and skeletal muscles (36) . Studies suggest that TRIB3 performs a striking variety of metabolic functions and has been demonstrated to interact with several transcriptional mediators. TRIB3 has been identified as a negative regulator of protein kinase B (AKT) activity, and it participates in insulin signaling in HEK293 cells and in the liver. TRIB3 disrupts insulin signaling by binding directly to AKT and inhibits the insulin-stimulated AKT phosphorylation of Thr308 and Ser473. TRIB3 also contributes to insulin resistance in individuals who are susceptible to type II diabetes (17) . Likewise, the overexpression of TRIB3 in C2C12 myoblasts significantly reduces insulin-stimulated AKT phosphorylation (33) . TRIB3 also negatively regulates adipogenesis by blocking the proadipogenic function of CEBPb (37) . Therefore, these signaling pathways may be associated with the regulation of adipogenic differentiation.
Nevertheless, many experiments on the effects of microgravity on the differentiation potential of hMSCs have been performed in simulated conditions. Simulated microgravity remains a controversial substitute for real microgravity. In this study, we examined the effects of real space microgravity on the differentiation potential of hMSCs and analyzed the molecular mechanisms underlying these effects in the space microgravity environment of the SJ-10 Recoverable Scientific Satellite. Our results showed that space microgravity decreased the expression of genes specific for osteogenesis and played a dual role by decreasing RUNX2 expression and activity through the BMP2/SMAD and integrin/FAK/ERK pathways. In addition, space microgravity increased the expression of genes specific for adipogenesis, and the increase in p38 MAPK activity and derepression of AKT activity seem to lead synchronously to the activation of the signaling pathway specifically promoting adipogenesis.
MATERIALS AND METHODS

Cell culture device
The cell culture device was designed and prepared by the National Center of Space Science, Chinese Academy of Sciences. The device included 4 parts (Supplemental Fig. S1 ): 2 cell culture units, 6 liquid storage units, 1 automatic liquid change system, and 1 electronic control system. Each cell culture unit included 3 culture chambers, and each culture chamber contained 3 cell culture compartments. The 6 liquid storage units were used separately to store fresh osteogenic induction medium, RNALater (Thermo Fisher Scientific, Waltham, MA, USA), 4% formaldehyde (Ding Guo Chang Sheng Biotechnology, Beijing, China), PBS, and waste liquids. With this equipment, the cells were cultured at 37 6 0.5°C. The fresh osteogenic induction medium, PBS, RNALater, and 4% formaldehyde were stored at 9.5 6 0.5°C. There were separate refrigeration tablets and circuit control systems under each culture unit and liquid storage unit for regulating the temperature (Supplemental Fig. S2A ). The device automatically changed liquids at predetermined time points at a rate of 5 ml/3 min. Two pairs of devices with consistent composition and function were used: 1 for space experiments and 1 for ground control experiments. A completely sealed design ensured that the gas composition and humidity within the device were consistent between the space experiments and ground control experiments, and an accurate temperature control system ensured consistent temperature. In the process of cell culture, a semiconductor thermostat was kept in the heated state; after the culture was finished, the semiconductor thermostat was switched to the cooling state, and the processed cells were stored at a low temperature (Supplemental Fig. S2B, C) .
Preparation of hMSCs and the PLGA scaffold
This study was performed in accordance with standard ethics guidelines and approved by the Institutional Review Board of Zhejiang University (Hangzhou, China), and the Ethics Committee of the First Affiliate Hospital, Zhejiang University. After obtaining informed consent from all donors, whole bone marrow samples were collected from 3 healthy female donors, aged 23, 25, and 28, at the First Affiliate Hospital, Zhejiang University. hMSCs were isolated from the bone marrow samples according to published procedures (38) . In brief, 4 ml bone marrow was gently flushed with 40 ml PBS containing 1% heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific). Marrow cells were pelleted by centrifugation at 1800 g for 5 min at room temperature, and the fat-containing supernatant was decanted. The resulting cell pellet was resuspended in 4.5 ml PBS containing 1% FBS and then purified by gradient density centrifugation in 6 ml lymphocyte separation medium (MP Biomedicals, Shanghai, China). The cells present at the interface were harvested, washed with PBS containing 1% FBS, and seeded in a 10 cm dish containing a-minimum essential medium (a-MEM; Thermo Fisher Scientific) supplemented with 10% FBS, 100 U/ml penicillin (Thermo Fisher Scientific), 100 mg/ml streptomycin (Thermo Fisher Scientific), and 5 ng/ml basic fibroblast growth factor (Thermo Fisher Scientific). The cells were cultured under standard conditions (5% CO 2 , 37°C, and 95% humidity). In this study, hMSCs at passage 4 were used for the space experiment. As described elsewhere (39) , hMSCs showed the following phenotype: CD19 + , and CD29 + . In addition, these cells had osteogenic and adipogenic potential (Supplemental Fig. S3 ), which verifies that the isolated cells were MSCs.
To better simulate the in vivo environment of hMSC growth and differentiation and reflect the real microgravity environment, a 3-dimensional scaffold was used to culture hMSCs instead of regular cell culture. Porous foams made of synthetic poly(D,L-lactide-coglycolide) (PLGA) copolymer, one of the few synthetic polymers approved for human clinical use, were used for the scaffolding (40) . The method for manufacturing PLGA scaffolds was previously described (41) . In brief, gelatin particles were bound together to form a 3-dimensional assembly through a water vapor treatment before the polymer solution was cast. The PLGA scaffolds were prepared as cylinders (∅ 25 3 1 mm) and had a porosity of 85%. The pore diameter was 280-450 mm.
Osteogenic induction
The induction scheme applied is shown in Supplemental Fig. S4 . In brief, 2 d before the launch of the SJ-10 Recoverable Scientific Satellite, hMSCs at passage 4 were seeded at a density of 5 3 10 5 cells per scaffold and were cultured in medium in standard conditions (5% CO 2 , 37°C, and 95% humidity) for 24 h, after which the scaffold with hMSCs was transferred into each cell culture compartment in the culture chamber. The culture chambers were fixed in the cell-culture device, after which the device was sealed. After the SJ-10 Recoverable Scientific Satellite went into preconcerted orbit, the culture medium was replaced by the osteogenic induction medium containing Levis-15 medium (Thermo Fisher Scientific), 10% FBS, 50 mg/ml L-ascorbic acid (MilliporeSigma, Shanghai, China), 10 mM b-sodium glycerol-phosphate (MilliporeSigma), 1 3 10 27 M dexamethasone (MilliporeSigma), 100 U/ml penicillin, and 100 mg/ml streptomycin to start the experiment on osteogenic differentiation. After the satellite orbited for 2 d, the automated system removed the waste medium in one of the cell culture units, and cells in this cell culture unit were washed with PBS, lysed with RNALater at a final concentration of ;90%, and then kept at 6°C for ;10 d until the satellite returned to Earth. Cells in the second cell culture unit were osteogenically induced for 7 d, and the automated system changed the induction medium every 2 d. Then, the cells were washed with PBS, fixed with 4% formaldehyde (final concentration), and kept at 10°C for ;5 d. The temperature control devices under each culture unit were used to keep the required temperature and integrity of the cell sample. The control experiments on ground were performed simultaneously. Osteogenic induction on the ground was used as the control of normal gravity by following the same procedure used for the space experiment.
Scanning electron microscope assay
To examine the effect of microgravity on the morphology of cells in the scaffold, the sample fixed with 4% formaldehyde was used for the scanning electron microscope (SEM) assay. After the 4% formaldehyde was discarded, the sample was fixed in 2.5% glutaraldehyde (MilliporeSigma) in PBS at 4°C overnight. The sample was then washed with PBS for 15 min and postfixed in 1% OsO 4 in PBS for 2 h. The sample was washed with PBS again for 15 min and then dehydrated with a graded ethanol series for 15 min. After being dehydrated 2 times in 100% ethanol, the sample was transferred into isoamyl acetate for 1 h, dehydrated with liquid CO 2 in an HCP-2 critical point dryer, coated with gold-palladium in an E-1010 ion sputter coater for 5 min, and examined under an SU8010 SEM (all from Hitachi, Tokyo, Japan). The cells were randomly selected in 5 fields of the same magnification, and the lengths of bipolar cells in the microgravity and the gravity groups were compared.
RNA isolation
After RNA samples lysed with RNALater were collected, RNALater was removed by centrifugation at 1000 g for 3 min, and the pellet was washed 3 times with PBS. RNA extraction was performed with Trizol (MilliporeSigma). After phenolchloroform extraction and isopropanol precipitation, RNA samples were treated with DNase I from the DNA-free kit (Thermo Fisher Scientific). The prepared RNA samples were subjected to deep sequencing and real-time RT-PCR assays.
RNA-sequencing assay
Adaptor ligation and PCR amplification were performed with a TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, USA). Solid-phase reversible immobilization (SPRI) beads (Ampure XP; Beckman Coulter, Brea, CA, USA) were used in each purification step after RNA fragmentation for size selection. All libraries were analyzed for quality and concentration using a TBS380 PicoGreen (Thermo Fisher Scientific). Sequencing was performed with a HiSeq4000 SBS Kit (Illumina). RNA-seq reads were mapped to the human reference genome by using TopHat2 (42) . Gene expression analysis and measurement were performed with FeatureCount software (http://subread.sourceforge.net) and fragments per kilobase of transcript per million. Genes with a false discovery rate ,0.05 and |log 2 (fold)| $1 were marked as having significant expression.
Real-time RT-PCR assay
RT-PCR was performed to determine the expression of genes specific for osteogenesis or adipogenesis in cells cultured under normal or space microgravity. Reverse transcription was conducted with 1 mg total RNA with the RevertAid First Strand cDNA Synthesis Kit (Fermentas, Shanghai, China). Primers were designed with the Primer Premier 6.0 Demo and Oligo 7.36 Demo Software (Premier Biosoft, Palo Alto, CA, USA), as shown in Table 1 . Real-time quantitiative PCR reactions were run in triplicate on a 480 II Real-Time PCR Detection System with 480 SYBR Green Qsduantitative (q)PCR Supermix (Roche, Basel, Switzerland). The cycling conditions of the real-time PCR were as follows: 40 cycles at 95°C for 15 s and 60°C for 1 min. GAPDH served as the reference gene for classic real-time PCR.
Whole-cell protein extraction and Western blot analysis
Cells osteogenically induced under normal gravity or space microgravity for 2 d were used for assessing the activity of proteins. Lysates were prepared by sonication of the scaffold in lysis buffer containing 1 mM NaF, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM Na 3 VO 4 , 1 mM EDTA, 150 mM NaCl, 1 mM PMSF, and a phosphatase inhibitor. Protein concentration was determined with a bovine serum albumin protein assay kit (Beytone, Shanghai, China). The expression levels of RUNX2 or p-RUNX2, ERK1/2 or p-ERK1/2, integrin b1, FAK or p-FAK, SMAD1 or p-SMAD1/5/9, AKT or p-AKT, TRIB3, and p38 MAPK or p-p38 MAPK were determined by Western blot analysis. Proteins from each sample were subjected to SDS-PAGE in a 10% gel and then transferred to a 4.5 mm PVDF membrane (MilliporeSigma). The membrane was blocked in Blotto solution (Thermo Fisher Scientific) and then incubated with anti-RUNX2, anti-tyrosine, anti-ERK1/2, anti-p-ERK1/2, anti-integrin b1, anti-FAK, anti-p-FAK, anti-SMAD1, anti-p-SMAD1/5/9, anti-AKT or anti-p-AKT, anti-TRIB3, and anti-p38 MAPK or antip-p38 MAPK antibody or with anti-GAPDH antibody at 4°C overnight; all antibodies were purchased from Cell Signaling Technology (Shanghai, China). Afterward, the membrane was reprobed with appropriate secondary antibodies conjugated with horseradish peroxidase for 1 h. Next, the immunoreactive proteins were visualized by using ECL Western blot detection reagents (Thermo Fisher Scientific), and light emission was quantified with a 6600 Luminescence Imaging Workstation (Tanon, Shanghai, China).
Histochemical and immunohistochemical analyses
Cells osteogenically induced under normal gravity and space microgravity for 7 d were fixed with 4% formaldehyde, embedded in paraffin, and then sectioned into 3-mm slices. The sections were stained with hematoxylin and eosin (H&E) to locate the cell sample on the scaffold. Alkaline phosphatase activity was visualized using the ALP Gomori Staining Kit (Nanjing Jiancheng Institute, Nanjing, China).
To determine the expression levels of COL1A1, RUNX2, p-ERK, and p-FAK in cells osteogenically induced under normal gravity or space microgravity for 7 d, paraffin-embedded slices were incubated with anti-COL1A1, anti-RUNX2, anti-p-ERK, and anti-p-FAK antibodies at a dilution of 1:100 each, overnight at 4°C. Slides were washed with PBS 3 times and then incubated in the Real EnVision Detection System (Agilent Technologies, Santa Clara, CA, USA).
Statistical analysis
The images of Western blots were analyzed semiquantitatively with ImageJ software (National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij/). Statistical analyses were 
performed with Student's t test. Values of P , 0.05 were significant.
RESULTS
Space microgravity reduced the expression and activity of early genes specific for osteogenic differentiation
Lysates of cells osteogenically induced for 2 d under space microgravity and normal gravity were collected and used to identify the effects of space microgravity on early osteogenic differentiation. RNA samples prepared from cell lysates were used for RNA-Seq assay. There was a significant difference in the expression of 21 osteogenesisrelated genes in space samples compared to Earth samples (Fig. 1) . In the space samples, the expression of 17 genes decreased significantly, and the expression of 4 other genes increased significantly. The expression of 7 members of the collagen family declined significantly, including that of COL1A1, -1A2, -3A1, -4A1, -5A1, -6A1, and -8A1. The collagen family members are important constituents of the ECM, and COL1A1, -1A2, -3A1, and -6A1 (43, 44) play an important role in osteogenic differentiation. In addition, the expression of ALP, a marker of early osteogenesis, and RUNX2, a key transcription factor in early osteoblasts, decreased significantly under the microgravity environment.
To verify the results of RNA-Seq, we used real-time PCR to analyze the expression of ALP and COL1A1 mRNA in cells osteogenically induced for 2 d. The expression levels of ALP and COL1A1 mRNA in the cells osteogenically induced under space microgravity markedly declined compared to the cells osteogenically induced under normal gravity, especially those of COL1A1, a highly expressed bone-specific gene in early osteoblasts ( Fig. 2A) . We also measured mRNA expression and activation of the RUNX2 protein in cells osteogenically induced for 2 d. The results showed that space microgravity inhibited the expression of RUNX2 mRNA and the activity of the protein (Fig. 2A, B) . These data indicate that space microgravity inhibited early genes specific for osteogenesis of hMSCs by decreasing the expression and activity of RUNX2.
Analysis (Fig. 3A) . In addition, H&E staining indicated that the cell shape became round, as opposed to the triangular or fusiform shape of cells induced in normal gravity (Fig. 3B) . Histochemical staining of ALP in cells osteogenically induced for 7 d confirmed this hypothesis. hMSCs could be induced to differentiate into osteoblasts with positive ALP staining under normal gravity (Fig. 2C) . In contrast, the positive staining decreased in cells Figure 1 . RNA-Seq of genes related to osteogenic and adipogenic differentiation. Genes with FDR , 0.05 and |log 2 (fold)| $1 were marked as significant. The expression of genes with log 2 (fold) $1 was increased, whereas the expression of genes with log 2 (fold) #1 was decreased under space microgravity compared to normal gravity. A) Genes relative to osteogenic differentiation of hMSCs. B) Genes relative to adipogenic differentiation of hMSCs. C) Genes relative to balance of osteogenic and adipogenic differentiation of hMSCs. Immunohistochemical analysis was also used to detect the protein expression of COL1A1 and RUNX2 in the cells osteogenically induced for 7 d. In agreement with our hypothesis, few cells with positive staining for COL1A1 and RUNX2 were found among the cells osteogenically induced under space microgravity (Fig. 2D) .
Space microgravity regulated signaling pathways involved in osteogenesis
Bone morphogenetic proteins (BMPs) are some of the best described inducers of osteoblastic and chondrocytic differentiation as well as bone and cartilage formation in vivo. BMP2 up-regulates RUNX2 through SMAD and promotes osteogenesis of MSCs. The RNA-Seq assay showed that space microgravity inhibited the expression of BMP2 (Fig. 2) . Therefore, we examined the expression of BMP2 and activation of SMAD1/5/9. During exposure to space microgravity for 2 d, the mRNA level of BMP2 and the phosphorylation of SMAD1/5/9 decreased significantly, whereas the protein level of SMAD1 did not change compared with that in cells under normal gravity (Fig. 4A, B) .
In accordance with the important role of MAPK in the regulation of hMSC development and lineage commitment, we examined the effects of space microgravity on MAPK activation. In cells osteogenically induced for 2 d, the level of total ERK under space microgravity showed no significant difference from that in cells under normal gravity. However, the level of phosphorylated ERK in cells under space microgravity was significantly lower than that in cells under normal gravity (Fig. 4D) .
Some reports have shown that simulated microgravity attenuates ERK activation through the integrin-FAK signaling pathway (25) , whereas the cytoskeleton disruption results from simulated microgravity decreasing osteogenesis via the integrin-FAK-MAPK signaling pathway (45) . We detected the expression of integrin b1 and activation of FAK in cells osteogenically induced for 2 d. There was no significant difference in integrin b1 expression between cells osteogenically induced under space microgravity and normal gravity (Fig. 4C) . Similarly, space microgravity had no effect on the expression of total FAK. Nevertheless, phosphorylation of FAK in cells osteogenically induced under space microgravity was weaker than in cells osteogenically induced under normal gravity.
Because of the limitations of space experiments, we were unable to repeat these experiments in the same timeline. To confirm the veracity of Western blot data for the above proteins in cells osteogenically induced for 2 d, immunohistochemical analysis of some proteins in cells osteogenically induced for 7 d was performed for timeline repetition. In line with the results from cells osteogenically induced for 2 d, cells osteogenically induced for 7 d under space microgravity contained smaller amounts of p-ERK and p-FAK (Fig. 4E) . Therefore, it can be inferred that space microgravity plays a dual role by decreasing RUNX2 expression and activity via the BMP2-SMAD and integrin-FAK-ERK pathways, respectively.
Space microgravity increased the expression of early genes specific for adipogenic differentiation
It has been demonstrated that simulated microgravity shifts the osteogenesis of MSCs into adipogenesis, even during osteogenic induction, and the activation of transcription factor PPARg2 plays a crucial role in the expression of B) The protein expression of SMAD1 and the activity of SMAD1/5/9 in cells osteogenically induced for 2 d (n = 3). The expression of SMAD1 was normalized to the corresponding GAPDH value, and the activity of p-SMAD1/5/9 was normalized to the corresponding SMAD1 value. C ) The protein expression of integrin b1 and the activity of FAK in cells osteogenically induced for 2 d (n = 3). The expression of integrin b1 was normalized to the corresponding GAPDH value, and the activity of p-FAK was normalized to the corresponding FAK value. The band intensity was quantified in triplicate for each protein. D) Activity of the ERK protein in cells osteogenically induced for 2 d (n = 3). The amount of p-ERK was normalized to the corresponding ERK value (n = 3). E ) The immunohistochemical detection of p-ERK and p-FAK in cells osteogenically induced for 7 d. G, normal gravity; MG, space microgravity. *P , 0.05, **P , 0.01, ***P , 0.005. 8 Vol. 32 August 2018 ZHANG ET AL. The FASEB Journal x www.fasebj.org marker genes specific for adipogenesis (28) . To identify the effects of space microgravity on this transdifferentiation of hMSCs, we analyzed the expression of genes specific for adipogenesis. The RNA-Seq assay showed that the expression of adipocyte markers, such as CFD and LEP, was increased in cells osteogenically induced for 2 d under space microgravity, which was confirmed by real-time PCR (Fig.  5A) . Meanwhile, space microgravity promoted the expression of PPARG2 (Figs. 1 and 5B ).
CEBPA and -B are key early regulators of adipogenesis. CEBPB directly induces the expression of PPARG2, and PPARg2 in turn activates the transcription of CEBPA (46) . By RNA-Seq, we found that CEBPB expression increased significantly (Fig. 1) , whereas CEBPA expression did not change. Therefore, we further analyzed the expression of CEBPA and CEBPB with real-time PCR (Fig. 5B) . The results revealed that the mRNA level of CEBPB increased in cells osteogenically induced for 2 d under space microgravity, compared with the cells osteogenically induced under normal gravity. In contrast, there was no significant difference in the level of CEBPA expression, regardless of the gravity conditions.
Space microgravity influenced signaling pathways involved in adipogenesis
AKT, a protein kinase in the signaling pathway specific for adipogenesis, is necessary for expression of CEBP and PPARg2. The knockout of AKT in mice results in the inactivation of CEBP and PPARg2 (47) . Therefore, we analyzed the expression and the phosphorylation level of AKT in cells osteogenically induced for 2 d. The level of AKT expression in cells exposed to the space microgravity environment was not significantly different from that in cells exposed to normal gravity environment (Fig. 6A) . In contrast, space microgravity increased the phosphorylation of AKT, suggesting that it promotes the expression of early genes specific for adipogenesis of hMSCs by activating AKT. In addition, we found that space microgravity decreased TRIB3 mRNA and protein expression levels (Figs. 1 and 5B, and 6B). For analysis of the effects of space microgravity on the activation of FAK, we used Y15, an inhibitor specific for FAK, to inhibit the activity of FAK during osteogenic induction for 2 d in a normal gravity environment, and found that the level of TRIB3 protein decreased significantly, whereas no change in TRIB3 mRNA expression was detected (Fig. 7A) . In addition, the expression of genes specific for adipogenesis, including CFD, LEF, CEBPB, and PPARG, was increased by inhibiting the activity of FAK during osteogenic induction for 2 d in a normal gravity environment (Fig. 7B) . Moreover, p38 MAPK, another major protein kinase relevant to PPARg2, was analyzed to identify the mechanism of adipogenic differentiation of hMSCs under space microgravity. Space microgravity increased p38 MAPK activity compared to cells osteogenically induced under normal gravity (Fig. 5C) . Therefore, space microgravity probably leads to increased p38 activity and derepression of AKT activity and thereby synchronously leads to the activation of a signaling pathway specific for adipogenesis.
DISCUSSION
In the past few decades, many studies have shown that various physiologic systems are influenced when the human body is exposed to the space environment, and these influences become stronger with the passage of time. . The data were normalized to the corresponding GAPDH value. G, normal gravity; MG, space microgravity. *P , 0.05, **P , 0.01, ***P , 0.005.
capacity to migrate to an injury site (40) . Some studies have shown that simulated microgravity inhibits the proliferation and osteogenesis of hMSCs and increases their adipogenesis (28, 50, 51) . On the other hand, these simulation methods (e.g., clinostats and rotating wall vessel bioreactors) cannot actually remove the force of gravity. The constant rotation of a sample may result in the time averaging of the g vector to near 0 (52). Thus there is still controversy regarding these experiments. Therefore, the effects of real space microgravity on the osteogenic differentiation of hMSCs should be examined in a real space environment. The SJ-10 Recoverable Scientific Satellite of China provided a rare opportunity for us to examine the effects of space microgravity on the commitment of hMSCs to differentiation. Because of the uncertainty of how long the cells would survive in space and the limitations of space experimental conditions such as loading, gas, and nutrition, we focused this study only on the early differentiation of hMSCs. According to our previous experiments, simulated microgravity altered the expression of some genes specific for osteogenesis, such as COL1A1 and RUNX2, in the early osteogenic differentiation of hMSCs. In addition, the expression of ALP, a transient early marker of osteogenic differentiation, was high at d 7 of osteogenesis (53) (54) (55) . Therefore, in the present study, ALP activity was analyzed to determine the early osteogenic differentiation potential of hMSCs. Based on the above consideration, in the present study, 2 and 7 d groups were established to study the early differentiation direction and related mechanisms of hMSCs affected by space microgravity. Before the space experiment, many matching tests were performed to evaluate the feasibility of this space experiment, including temperature and mechanical simulation experiments and a full process-matching test. The matching experiment results showed that the cells could survive in the device and that mechanical force during satellite takeoff and landing would not affect the cell culture device and cell status. To eliminate the interference of hypergravity on result analysis, we performed a hypergravity (5 g) simulation before programmed cultivation in the control experiment on the ground.
When moving along the preconcerted orbit, gravity on the SJ-10 Recoverable Scientific Satellite is as low as 10 23 g. In this study, we analyzed the effects of space microgravity on the osteogenic differentiation of hMSCs exposed to space microgravity for 2 and 7 d by assessing the morphology and differentiation potentials of the cells. Under this amount of microgravity, the morphology of cells osteogenically induced for 7 d (e.g., polygonal retraction and a shorter cell spindle) changed obviously compared with the cells osteogenically induced under normal gravity. This result may imply that the cells were not induced to differentiate into osteocytes as we predicted. Indeed, the RNA-Seq assay of genes specific for early differentiation showed that the space microgravity significantly changed the expression of some osteogenic marker genes and related regulatory genes. Real-time PCR, Western blot analysis, histochemistry, and immunochemistry were used to examine the change in differentiation potential. We analyzed the effects of space microgravity on the osteogenic differentiation of hMSCs exposed to space microgravity for 2 and 7 d by examining the expression of ALP, a marker of early osteogenesis, and demonstrated that space microgravity reduced the osteogenic potential of hMSCs by inhibiting the expression of ALP. This finding is consistent with other data indicating the down-regulation of markers of osteoblastic function and differentiation under simulated microgravity (56) . Next, we analyzed another osteoblastic marker protein, COL1A1, a major ECM component secreted by osteoblasts during differentiation (57, 58) . We detected reduced expression of COL1A1, which confirmed that space microgravity inhibits osteogenesis of hMSCs. In addition, space microgravity increased the expression of marker genes specific for adipogenesis, such as LEP and CFD, even under osteogenic induction conditions. In agreement with these data, the expression of PPARG2, a key transcription factor involved in adipogenic differentiation (30) , increased under space microgravity, and the increased expression of PPARG2 resulted from increased expression of CEBPB. Through the above analysis, we concluded that gene expression in hMSCs shifts toward adipogenesis instead of osteogenesis under space microgravity. We attempted to test the adipogenic potentials of hMSCs by Oil Red O staining, but the staining failed. We concluded that it is attributable to the induction time being too short to form lipid droplets in cells. Generally, the formation of observable lipid droplets requires more than 14 d of induction, even in standard adipogenic conditions. We also tried to analyze the impact of space microgravity on multiple differentiation potential of hMSCs with the RNAseq data, such as cartilage differentiation. However, the expression of cartilage marker genes such as proteoglycans and type II collagen unchanged under microgravity according to analysis of RNAseq data (data not shown).
RUNX2 is an essential transduction factor for the differentiation of osteoblasts from mesenchymal stem cells and for bone formation. RUNX2 2/2 mice show a complete absence of functional osteoblasts (57) . RUNX2 can directly stimulate the transcription of osteoblast-related genes, such as those encoding osteocalcin, type I collagen, osteopontin, and collagenase 3, by binding to specific enhancer regions of these genes. In another study, BMP was shown to increase RUNX2 expression via SMAD proteins (22) . RUNX2-dependent transcription depends on the activity of BMP2 (59) . Adding BMP2 to the culture medium can promote RUNX2 expression under simulated microgravity (3). In the present study, space microgravity reduced the expression of RUNX2 compared to normal gravity. In addition, after exposure to the space microgravity environment for 2 d, the expression of BMP2 decreased significantly and thereby led to a decrease in the phosphorylation of SMAD1/5/9. Because of the importance of BMP/SMAD signaling for the expression of RUNX2, we propose that space microgravity reduces the expression of RUNX2 via the BMP/SMAD signaling pathway and thus plays an important role in the inhibition of osteogenic differentiation of hMSCs.
The phosphorylation of RUNX2 can be activated by several signaling pathways. Various studies have shown that osteoblasts must bind to collagen-containing ECM through an integrin, and the integrin ligands activate a MAPK-related pathway (60) . Another study also showed that a MAPK-dependent cascade regulates RUNX2 activity (61) . Stem cells should transform mechanical signals into chemical signals through type I collagen-containing ECM and an integrin and thereby transmit the differentiation signals via the MAPK pathway into cells before their differentiation into osteoblasts. According to our results, space microgravity seems to inhibit the expression of COL1A1, changing the structure of the ECM, in turn inhibiting the activation of RUNX2 through the MAPK signaling pathway. We found that space microgravity reduced the phosphorylation of FAK, a key protein of the integrin pathway, but had no effect on the expression of integrin b1. Therefore, space microgravity most likely inhibits the ERK/MAPK signaling pathway by reducing FAK activity. As mentioned earlier, space microgravity inhibited the expression of some members of the collagen family, which may hinder the extracellular-to-intracellular transmission of the osteogenic signal. Therefore, we concluded that the absence of gravitational signals and the blocked extracellular-to-intracellular signaling transmission under space microgravity may lead to the decrease of osteogenic differentiation.
The pattern of PPARG2 expression may be modified by microgravity through a variety of pathways, including those that regulate transcription and those that change posttranslational activity. AKT has been shown to mediate adipogenic signals and to drive the expression of PPARG2 (62). We assumed that space microgravity would promote adipogenic differentiation by activating AKT. The results indeed showed that space microgravity activated AKT and promoted the expression of early genes specific for the adipogenesis of hMSCs. However, what is the exact mechanism by which space microgravity increased AKT activity? TRIB3, a member of the tribbles family, is known to modulate signaling cascades such as AKT signaling. Some studies have shown that TRIB3 inhibits AKT signaling and glucose production in hepatocytes (33) and that it suppresses adipocytic differentiation by negatively regulating PPARG2 transcriptional activity (47) . We found that the expression of TRIB3 in cells osteogenically induced under space microgravity was lower than those osteogenically induced under normal gravity (Figs. 5B and 6B). Judging by the above analysis of osteogenesis, space microgravity decreased the activity of FAK, a mechanical stimulation-related protein. We hypothesized that the expression of TRIB3 was down-regulated by the decreased activity of FAK. Therefore, we used Y15 to inhibit FAK activity during osteogenic differentiation in a normal gravity environment and analyzed the expression of TRIB3 mRNA and protein. The results revealed that the expression of the TRIB3 protein decreased significantly, whereas no change in TRIB3 mRNA was detected after the inhibition of FAK activity (Fig. 7) . We surmised that space microgravity reduces biosynthesis of the TRIB3 protein by decreasing the activation of FAK, and the consequent down-regulation of TRIB3 results in the derepression of AKT. In addition, the expression of genes specific for adipogenesis was up-regulated by the decreased activity of FAK, and these results are consistent with a previous study (63) . Therefore, we inferred that FAK regulates not only osteogenesis but also adipogenesis of hMSCs and is thereby involved in regulating the balance of the differentiation potential of hMSCs under microgravity.
On the other hand, in other systems, it has been shown that the activation of p38 MAPK is a cellular response to mechanical stress (64) and potentially leads to PPARg2 activation (65) . One study has indicated that p38 MAPK can activate AKT in a PI3K-independent manner during cellular stress response (66) . Our results suggest that space microgravity increases the phosphorylation of p38 MAPK. Therefore, we propose that the p38 MAPK pathway is a vital factor in mediating adipogenic differentiation during the influence of space microgravity. Such microgravity is expected to increase the expression and activity of PPARg2 through AKT and p38 signaling pathways. Furthermore, the inhibition of TRIB3 may be a positive effect of space microgravity on the adipogenic differentiation of hMSCs. This is the first space experiment to test the effects of space microgravity on early osteogenic and adipogenic differentiation of hMSCs. The results showed that space microgravity inhibited osteogenic differentiation but promoted adipogenic differentiation of hMSCs by changing the expression and activity of RUNX2 and PPARg2. BMP2/SMAD and integrin/FAK/ERK signaling pathways were involved in the regulation of RUNX2 expression and activation under space microgravity, whereas the activation of p38 MAPK and AKT promoted the expression of adipogenic genes (Fig. 8) . However, the exact mechanisms should be studied in detail in the future, bearing in mind the design limitations of space experiments, particularly the actual loading of a satellite. It is well-known that MSCs must establish a type I collagen-containing ECM before they can differentiate into osteoblasts, express osteoblast-related genes such as osteocalcin, bone sialoprotein, alkaline phosphatase, and parathyroid hormone/parathyroid hormone-related protein receptor, and ultimately mineralize the bone matrix (67) . ECM signals are transmitted into the cells by binding to integrins (a2b1 and, possibly, a1b1) (68) (69) (70) . ECM signals affect the formation of adhesion plaques through integrin b1 and thereby affect the activation of FAK. Activated FAK can promote the activation of RhoA and its downstream signals (71) . Based on the results of this study, we surmised that FAK is involved in the regulation of differentiation under microgravity. However, how space microgravity decreases the activity of FAK in cases where there is no effect on integrin b1 expression; whether RhoA and vinculin, an important protein involved in the formation of adhesion plaques, participate in this effect; and whether space microgravity affects the cytoskeleton of hMSCs and thereby changes osteogenesis should be studied further. In addition, the precise functions of members of the TRIB family in the adipogenesis of hMSCs should be confirmed.
Furthermore, the effects of space microgravity on the transdifferentiation of hMSCs may also be involved in other signaling pathways. The RNA-Seq assay showed that space microgravity also changed the expression of other genes related to the osteogenic and adipogenic differentiation of hMSCs. The expression of C-C motif chemokine ligand 3 and MMP was increased under space microgravity. These genes reportedly play an important role in the inhibition of osteogenesis by down-regulating the expression of RUNX2 (72, 73) . Further, the expression of cartilage oligomeric matrix protein/angiopoietin1 (COMP/ANGPT1), which promotes osteogenic differentiation (74) , was inhibited by space microgravity. In addition, space microgravity promoted the expression of mesenteric estrogen dependent adipogenesis, leucine rich repeat containing 8 VRAC subunit C, and BardetBiedl syndrome 4, genes that have been confirmed to promote adipogenic differentiation (75) (76) (77) . Space microgravity may also contribute to lipid synthesis by increasing the expression of acyl-CoA synthetase long chain family member 4, an essential enzyme in fatty acid metabolism that changes free long-chain fatty acids into fatty acyl-CoA esters, a class of key intermediates in the synthesis of complex lipids (78) . Moreover, space microgravity changed the expression of some genes involved in regulating the balance of osteogenic and adipogenic differentiation, including histone deacetylase 2, leptin receptor, ROS proto-oncogene-1, receptor tyrosine kinase, spermidine/spermine N1-acetyltransferase 1, and nicotinamide phosphoribosyltransferase (79) (80) (81) (82) (83) (Fig. 1) . Expression changes of the aforementioned genes under space microgravity have been confirmed by real-time PCR assays (data not shown). Nevertheless, the exact mechanisms of how space microgravity changed the expression of these genes remains to be assessed in future studies. Figure 8 . Analysis of the mechanism underlying the effects of space microgravity on osteogenesis and adipogenesis of hMSCs. Space microgravity promoted the transdifferentiation of hMSCs from osteogenesis to adipogenesis by decreasing the expression and activity of RUNX2 through the BMP2/SMAD and COL1A1/integrin/FAK pathways and by increasing the expression and activity of PPARg via activation of the p38 MAPK and AKT signaling pathways. The activation of the AKT signaling pathway may be mediated partly by inhibition of TRIB3 expression resulting from the decrease in FAK activity caused by space microgravity.
